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HEAVY METALS STRUCTURE BENTHIC COMMUNITIES IN COLORADO
MOUNTAIN STREAMS
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Abstract. The development of field sampling designs that employ multiple reference
and polluted sites has been proposed as an alternative to the traditional upstream vs. down-
stream approach used in most biomonitoring studies. Spatially extensive monitoring pro-
grams can characterize ecological conditions within an ecoregion and provide the necessary
background information to evaluate future changes in water quality. We measured physi-
cochemical characteristics, heavy-metal concentrations, and benthic macroinvertebrate com-
munity structure at 95 sites in the Southern Rocky Mountain ecoregion in Colorado, USA.
Most sites (82%) were selected using a systematic, randomized sampling design. Each site
was placed into one of four metal categories (background, low, medium, and high metals),
based on the cumulative criterion unit (CCU), which we defined as the ratio of the instream
metal concentration to the U.S. Environmental Protection Agency criterion concentration,
summed for all metals measured. A CCU of 1.0 represents a conservative estimate of the
total metal concentration that, when exceeded, is likely to cause harm to aquatic organisms.
Although the CCU was less than 2.0 at most (66.3%) of the sites, values exceeded 10.0 at
13 highly polluted stations. Differences among metal categories were highly significant for
most measures of macroinvertebrate abundance and all measures of species richness. We
observed the greatest effects on several species of heptageniid mayflies (Ephemeroptera:
Heptageniidae), which were highly sensitive to heavy metals and were reduced by .75%
at moderately polluted stations. The influence of taxonomic aggregation on responses to
metals was also greatest for mayflies. In general, total abundance of mayflies and abundance
of heptageniids were better indicators of metal pollution than abundance of dominant mayfly
taxa. We used stepwise multiple-regression analyses to investigate the relationship between
benthic community measures and physicochemical characteristics at the 78 randomly se-
lected sites. Heavy-metal concentration was the most important predictor of benthic com-
munity structure at these sites. Because of the ubiquitous distribution of heavy-metal pol-
lution in the Southern Rocky Mountain ecoregion, we conclude that potential effects of
heavy metals should be considered when investigating large-scale spatial patterns of benthic
macroinvertebrate communities in Colorado’s mountain streams.


Key words: benthic macroinvertebrate community structure; biomonitoring; heavy-metal con-
centrations; heavy metals and benthic communities; macroinvertebrates; metal pollution and Rocky
Mountain streams; mining; mountain streams and mining pollution; Rocky Mountain streams (Colo-
rado, USA); Southern Rocky Mountain ecoregion; spatial scale; taxonomic aggregation.


INTRODUCTION


Experimental designs employed in stream biomon-
itoring often involve trade-offs between spatially and
temporally extensive sampling (Resh et al. 1995, Wiley
et al. 1997). Although long-term sampling of a single
stream can provide important insights into seasonal and
annual variation, this approach may overrepresent the
significance of temporal variation relative to spatial
variation (Wiley et al. 1997). In addition, the typical
approach used in most assessments of water quality, in
which upstream reference sites are compared to down-
stream polluted and recovery sites, is confounded by
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natural, longitudinal variation (Clements and Kiffney
1995). Finally, because most biomonitoring studies in
streams do not employ true replicates (Hurlbert 1984),
our ability to generalize to other systems is greatly
limited.


The development of more sophisticated sampling de-
signs that employ multiple reference and polluted sites
has been proposed as an alternative to the traditional
upstream-vs.-downstream approach used in most bio-
monitoring studies (Feldman and Connor 1992, Cle-
ments and Kiffney 1995, Humphrey et al. 1995, Resh
et al. 1995). Hughes et al. (1986) recommended a wa-
tershed-classification approach to select reference
streams with similar hydrological and geomorpholog-
ical characteristics within an ecoregion. Although such
spatially extensive assessments often lack estimates of
temporal variation, they can be used to characterize
ecological conditions at a regional scale when temporal
variation is controlled. In addition, spatially extensive
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FIG. 1. Map of Colorado (USA) showing the major watersheds and sampling stations in the Southern Rocky Mountain
ecoregion. Solid circles 5 randomly selected sites; open stars 5 test sites; solid triangles 5 reference sites. Note that some
symbols are hidden, in cases where two sites were sampled from the same stream.


monitoring within an ecoregion provides the necessary
background information to evaluate future changes in
water quality (EPA 1995).


Selection of ecological indicators and the appropriate
level of taxonomic resolution are also critical decisions
when designing stream biomonitoring studies. Because
of taxonomic difficulties with certain groups of ma-
croinvertebrates, particularly chironomids and oligo-
chaetes, large savings in sample processing cost may
be realized by using relatively coarse (e.g., family lev-
el) taxonomic resolution (Lenat and Barbour 1994,
Vanderklift et al. 1996). In addition, non-taxonomic
categories, such as functional feeding groups and life-
history traits, have been employed in multimetric in-
dices (Wallace et al. 1996, Richards et al. 1997) and
to characterize environmental conditions in streams
(Kerans and Karr 1994, Barbour et al. 1996).


Separating natural spatiotemporal variability in eco-
logical indicators from variation due to anthropogenic
disturbance is greatly simplified when stressors are re-
stricted to a single class of contaminants. Heavy-metal
pollution from active and historic mining operations is
ubiquitous in the U.S. west and is generally recognized
as one of the most significant environmental problems


in Rocky Mountain streams. Since the discovery of
gold and other minerals in the mid-1800s, mining ac-
tivities have had a major impact on watersheds in this
region. Approximately one third of the U.S. Environ-
mental Protection Agency (EPA) Superfund Sites in
Colorado are mining sites, and it is estimated that heavy
metals from over 5000 abandoned mines affect .2600
km of Colorado’s streams (Colorado Department of
Health 1992). This large number of streams polluted
by the same class of contaminants within a single
ecoregion provides a unique opportunity to employ so-
phisticated sampling designs to evaluate biological
measures of integrity.


In 1993 the U.S. EPA initiated a Regional Environ-
mental Monitoring and Assessment Program (R-EMAP)
to assess the ecological status and condition of Colo-
rado’s mountain streams. Physicochemical characteris-
tics and benthic macroinvertebrate data were collected
from 73 streams in the Southern Rocky Mountain ecore-
gion (Fig. 1) in 1994 and 1995. The objectives of the
present study were to (1) describe the extent of heavy-
metal pollution in streams of the Southern Rocky Moun-
tain ecoregion of Colorado; (2) determine the level of
taxonomic resolution necessary to detect effects of
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heavy metals at a large spatial scale; and (3) characterize
the role of heavy metals in structuring benthic macroin-
vertebrate communities in this region.


METHODS


Study sites


We analyzed physical, chemical, and biological data
collected from 95 stations in the Southern Rocky
Mountain (USA) ecoregion during late summer (Au-
gust to September) of 1994 (n 5 46 sites) and 1995 (n
5 49 sites). The Southern Rocky Mountain ecoregion
extends from southern Wyoming through Colorado and
into northern New Mexico (Omernik 1987). The sta-
tions were located on 73 different streams within the
Colorado mineral belt, an irregular-shaped area located
in the central and southwestern portions of the state
that runs approximately parallel to the continental di-
vide and contains the major mineral deposits (Fig. 1).
The mineral belt was delineated using current and his-
toric mine-site locations obtained from the U.S. Bureau
of Mines (U.S. Bureau of Mines 1992). Most (78) of
the 95 study sites were randomly selected using a prob-
abilistic sampling design developed by U.S. Environ-
mental Protection Agency (EPA 1995). A systematic
grid covering the Southern Rocky Mountain ecoregion
in Colorado was used to select sites from the network
of perennial streams on U.S. Geological Survey 1:
100 000 scale topographical maps. We restricted our
sampling to shallow streams (2nd to 4th order) for lo-
gistical reasons and because variation in stream size
confounds biological assessments using benthic ma-
croinvertebrates (Clements 1994, Clements and Kiff-
ney 1995). In addition to the randomly selected sta-
tions, we included eight metal-polluted ‘‘test’’ sites
(streams with known inputs of heavy metals) and nine
‘‘reference’’ sites (streams with no known metal inputs)
in our analysis. Except for seven streams that were
sampled in 1994 and 1995, all sites were sampled only
once during the study.


Details of the procedures used to collect and analyze
water-quality data and benthic macroinvertebrates have
been described previously (EPA 1989, 1995). Water
temperature, stream depth, width, dissolved oxygen,
and current velocity were measured in the field. Stream
discharge was estimated by dividing the stream width
into 15–20 equal intervals and was based on measure-
ments of cross-sectional area and current velocity
(measured at 60% of depth). Water samples for pH were
collected in sealed 60-mL syringes to prevent equili-
bration with atmospheric CO2 and measured in the lab-
oratory. For other water-chemistry analyses, stream
water was collected in a 4-L container and analyzed in
the laboratory using the following standard U.S. EPA
protocols (EPA 1983): water hardness (method number
200.7), alkalinity (310.1), total organic carbon (415.2),
sulfate (300), phosphate (365.4), total organic nitrogen


(353.2), and concentrations of metals (Al, Cd, Cu, Fe,
Mn, Pb, and Zn) (200.7 and 213.2).


Benthic macroinvertebrates were collected from
each station using a modified kick net (mesh size 5
595 mm). At each station, nine subsamples located ap-
proximately four-stream-widths apart were sampled by
disturbing a 0.5-m2 area immediately upstream from
the net for 20 s. In smaller streams (,4 m wetted width
across the channel), these nine subsamples were col-
lected from a 150-m stream reach. These subsamples
were combined in a single container, rinsed through a
595-mm sieve, and preserved in 70% ethanol. The level
of taxonomic resolution differed among the major
groups of benthic macroinvertebrates. All aquatic in-
sects were identified to either genus or species in the
laboratory. Non-insect groups (molluscs, oligochaetes,
crustaceans, water mites), which accounted for a very
small portion of the benthic community at most sites,
were generally identified to genus or family.


Characterization of heavy-metal concentrations


Because we expected that most metal-polluted
streams in the study area were impacted by a mixture
of metals, we used a cumulative measure of total metal
concentration to examine the relationships between
benthic community structure and heavy metals. This
approach is a modification of the method described
originally in the U.S. EPA water-quality criteria doc-
uments (National Research Council 1972). Water-qual-
ity criteria for individual chemicals represent concen-
trations that, when exceeded, may harm aquatic or-
ganisms. Because criterion values are only available
for individual chemicals, alternative models are nec-
essary to estimate toxic effects of metal mixtures. Al-
though most research investigating toxicity of metal
mixtures has focused on acute effects, previous studies
have shown additive effects at chronic concentrations
(Spehar and Fiandt 1986, Enserink et al. 1991). There-
fore, we assumed that interactions among metals were
additive and defined the ‘‘cumulative criterion unit’’
(CCU) as the ratio of the measured metal concentration
to the U.S. EPA criterion value, summed for all metals
at a station. The cumulative criterion unit is given as:


CCU 5 m /cO i i


where mi is the total recoverable metal concentration
and ci is the criterion value for the ith metal. For Al,
Fe, and Mn we used chronic criterion values of 150,
1000, and 1000 mg/L, respectively. Because water
hardness affects toxicity and bioavailability of some
heavy metals, criterion values for Cd, Cu, Pb, and Zn
were modified to account for variation in water hard-
ness among streams (EPA 1986). For example, at a
water hardness of 100 mg/L, criterion values for these
four metals would be 1.1, 11.8, 3.2, and 106 mg/L,
respectively. Metals that were below detection were not
included in the CCU. Thus, a CCU value of 1.0 rep-
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resents a conservative estimate of the chronic criterion
value for all metals measured at a station.


We placed all 95 stations (randomly selected, test,
and reference) into one of four categories based on the
measured CCU. We treated metal contamination as a
categorical variable in these analyses because previous
research suggested that some benthic community re-
sponses to metals were nonlinear (Clements and Kiff-
ney 1995) and because we were interested in quanti-
fying metal effects at specific levels of contamination
(Wiens and Parker 1995). Background (unpolluted)
sites (n 5 31) were defined as stations where the CCU
was less than 1.0. If metal effects are additive, a CCU
of 1.0 represents the point at which we may expect to
see adverse effects on aquatic organisms. We selected
a value of 1.0 as a cutoff point because we were in-
terested in determining if this conservative estimate of
chronic metal effects would be protective of benthic
communities. The low-metal category consisted of 32
sites with CCU values between 1.0 and 2.0. This cat-
egory provided an opportunity to test the hypothesis
that benthic communities would be protected when
metal levels exceed the cumulative criterion value by
a factor of 2 or less. The medium-metal category con-
sisted of 19 sites with CCU values between 2.0 and
10.0. We selected this cutoff point because metal levels
at 2–10 times the criterion are expected to cause sig-
nificant mortality to sensitive species and alter benthic
community structure in western streams (Roline 1988,
Moore et al. 1991, Clements and Kiffney 1995). High-
metal sites consisted of the 13 remaining stations where
the CCU exceeded 10.0. We expected that all measures
would show significant responses at these highly pol-
luted stations. We recognize that the specific cutoff
points for medium- and high-metal categories were
somewhat arbitrary and that we may miss threshold
responses that occurred within categories (Wiens and
Parker 1995); however, our primary goal was to provide
water-resource managers with specific guidelines (e.g.,
1, 2, or 10 times the U.S. EPA criterion value) that
could be employed to evaluate the severity of metal
contamination in a stream. Furthermore, minor adjust-
ments in these categories did not influence the final
outcome of the analyses.


Data analysis


All statistical analyses were performed using a PC
version of the Statistical Analysis System (SAS Insti-
tute 1994). We initially analyzed for differences be-
tween years using data collected from streams sampled
in 1994 and 1995. Although relatively few of the ran-
domly selected sites were sampled in both years (n 5
7), we felt that it was important to determine if benthic
communities from streams sampled in 1994 were sim-
ilar to those sampled in 1995. Results of one-way AN-
OVA showed no significant differences between years
for any of the benthic community variables that we
examined. The only variables that were close to sig-


nificant were abundance (P 5 0.1366) and species rich-
ness (P 5 0.1389) of Trichoptera. Therefore, we com-
bined data from 1994 and 1995 and tested for differ-
ences among metal levels using one-way ANOVA
(SAS Institute 1994: GLM procedure). We examined
differences in physicochemical characteristics, abun-
dance of the 16 dominant taxa (taxa that accounted for
.1.0% of total abundance) and 16 community metrics.
The community metrics that we examined included
those used in other multimetric indices (e.g., the EPT
index; Plafkin et al. 1989, Kerans and Karr 1994, Bar-
bour et al. 1996), as well as metrics known to be sen-
sitive to heavy metals in Rocky Mountain streams (e.g.,
abundance and species richness of mayflies; Clements
1994). The 16 community metrics used in these ana-
lyses were: total macroinvertebrate abundance, EPT
abundance (number of Ephemeroptera, Plecoptera, and
Trichoptera), total taxonomic richness, EPT richness
(species richness of Ephemeroptera, Plecoptera, and
Trichoptera), abundance and taxonomic richness of the
four major aquatic insect groups (mayflies, stoneflies,
caddisflies, chironomids), and the four dominant func-
tional feeding groups (scrapers, shredders, collectors,
predators).


We used Dunnett’s test to determine which metal
levels differed significantly from background stations
(CCU , 1.0) for each variable. Although we ran sep-
arate one-way ANOVA for each of the 16 community-
level metrics, we did not adjust P values for these mul-
tiple tests. As in most environmental assessments, we
were particularly interested in detecting subtle effects
of heavy metals and were concerned with protecting
against Type II errors. However, because P values for
most of these analyses were highly significant (P ,
0.0001), these adjustments would not have affected our
interpretation of these data. Assumptions of ANOVA
were tested using F-max tests and by inspection of
residuals plots. Where necessary, data were log-trans-
formed to satisfy these assumptions.


We used stepwise multiple-regression analyses (SAS
Institute 1994: REG procedure) with forward selection
(significance level for entry 5 0.05) to examine the
relationship between benthic community variables and
physicochemical characteristics (CCU, pH, hardness,
alkalinity, conductivity, total organic carbon, nutrients,
temperature, dissolved oxygen, current velocity, depth,
width, and discharge). We limited these analyses to the
78 randomly selected sites because we wanted to gen-
eralize about the effects of heavy metals on benthic
communities in all mountain streams in the region.


RESULTS


Physicochemical characteristics


Heavy-metal concentrations, expressed as cumula-
tive criterion units (CCU), differed greatly among sta-
tions and ranged from 0.1 to 293.5. Although the CCU
was less than 2.0 at the majority (66.3%) of stations
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FIG. 2. Relative contributions of various
metals to the cumulative criterion unit (CCU)
at background (n 5 31), low-metal (n 5 32),
medium-metal (n 5 19), and high-metal (n 5
13) sites. For definition of CCU, see Methods:
Characterization of heavy-metal concentrations.


TABLE 1. Physicochemical characteristics (means with 1 SD in parentheses) measured at 95 stations on second- to fourth-
order streams in the Southern Rocky Mountain ecoregion (Colorado, USA), and ANOVA results.


Variable


Sampling stations


Background
n 5 31


Low metal
n 5 32


Medium metal
n 5 19


High metal
n 5 13


ANOVA results


F† P


Conductivity (mmho/cm)
pH
Hardness (mg/L)
Alkalinity (mg/L)


94.5 (66.5)
7.16 (1.01)
59.4 (40.9)
51.3 (25.9)


188.8 (254.0)
7.37 (1.16)
70.9 (66.5)
85.1 (95.2)


131.8 (91.6)
7.73 (1.00)
73.7 (51.6)
77.2 (95.6)


286.9 (241.9)*
7.08 (0.90)


144.7 (114.8)*
76.9 (102.3)


F3,79 5 3.56
F3,76 5 1.25
F3,91 5 5.44
F3,90 5 1.01


0.0032
0.2976
0.0121
0.6067


Total organic carbon (mg/L)
Chloride (mg/L)
SO4 (mg/L)
NO3 1 NO2 (mg/L)
PO4 (mg/L)


2.2 (0.6)
1.3 (0.3)


13.3 (20.6)
107.8 (334.8)
0.02 (0.02)


2.6 (0.9)
11.5 (35.0)
21.1 (40.0)


190.9 (454.4)
0.03 (0.03)


3.2 (1.6)
2.9 (3.7)


26.6 (49.8)
82.2 (357.9)
0.06 (0.06)*


3.5 (2.5)*
4.7 (6.5)


111.0 (86.6)*
0.4 (0.9)


0.08 (0.08)*


F3,91 5 3.92
F3,91 5 1.37
F3,91 5 14.83
F3,91 5 0.95
F3,91 5 6.35


0.0111
0.2570
0.0001
0.2232
0.0006


Temperature (8C)
Dissolved oxygen (mg/L)
Depth (m)


10.8 (3.2)
7.9 (0.8)


0.83 (0.58)


12.0 (3.9)
8.5 (1.7)


0.91 (0.46)


12.8 (3.8)
8.4 (1.3)


0.95 (0.63)


12.8 (5.1)
8.1 (1.1)


0.89 (0.57)


F3,91 5 1.32
F3,88 5 1.17
F3,83 5 0.21


0.2615
0.5993
0.8891


Width (m)
Current velocity (cm/s)
Discharge (m3/s)


6.3 (3.9)
46.6 (27.4)
1.76 (2.51)


5.7 (3.5)
44.5 (24.4)
2.16 (2.35)


5.9 (4.3)
47.8 (23.8)
2.54 (2.68)


7.0 (3.7)
48.1 (27.1)
3.13 (2.64)


F3,83 5 0.37
F3,83 5 0.08
F3,86 5 0.97


0.7731
0.9702
0.4099


Notes: Stations were placed into four categories based on the level of metal pollution. F values and P values are from one-
way ANOVA testing for differences among the four metal categories.


* P , 0.05; sites significantly different from background based on Dunnett’s multiple-comparisons test.
† Degrees of freedom differ among these physicochemical characteristics because of missing values for some variables.


(median 5 1.4), values exceeded 10.0 at 13 stations.
Interestingly, only two of these stations were test sites
with known metal inputs. The remaining 11 stations in
this high-metals category were selected randomly. In
other words, 14% of the randomly selected stations
were highly contaminated by heavy metals.


The relative contribution of each metal to the CCU
differed among the four metal categories (Fig. 2). Cd
and Pb were below detection and the contribution of
Zn to the CCU was ,2.0% at background sites. Cu,
Fe, and Al were the most important metals at back-
ground and low-metal sites (CCU , 2.0) and accounted
for 88–96% of the CCU. The relative importance of
Cu and Fe decreased and the contribution of Cd, Pb,
and Zn to the CCU increased at medium-metal sites.
Zn, Cu, and Al were the most important metals mea-
sured at high-metal sites.


Results of one-way ANOVA showed significant dif-


ferences in some physicochemical characteristics
among the four metal categories (Table 1). Conductiv-
ity, water hardness, total organic carbon (TOC), SO4,
and PO4, were generally greater in metal-polluted
streams, particularly those in the high-metals category.
Increased conductivity and higher levels of SO4 at high-
metal sites were most likely a direct result of metal
pollution. Other physicochemical characteristics (pH,
water temperature, depth, width, stream discharge, dis-
solved oxygen, alkalinity, and nitrogen) did not differ
significantly among metal categories.


Community-level responses to metals


Differences among metal categories for most mea-
sures of abundance and all measures of species richness
were highly significant (Figs. 3 and 4). However, none
of these variables were significantly lower at low-met-
als sites. The EPT index (species richness of mayflies,







April 2000 631METALS STRUCTURE BENTHIC COMMUNITIES


FIG. 3. Community-level responses (mean and 1 SE) to metal pollution of streams. (a) Number of taxa, (b) EPT taxa
(mayflies, stoneflies, and caddisflies), (c) macroinvertebrate abundance, (d) EPT abundance, and (e–h) abundance of the four
major functional feeding groups at background, low-, medium-, and high-metal sites. Results of one-way ANOVA for each
variable are also shown (df 5 3, 91). Asterisks indicate sites that were significantly different from background (P , 0.05),
based on Dunnett’s multiple-comparisons test.


stoneflies, and caddisflies) was significantly lower at
medium- and high-metal stations compared to back-
ground stations (Fig. 3b). In contrast, the total number
of taxa, total abundance, and EPT abundance (number
of mayflies, stoneflies, and caddisflies) were signifi-
cantly lower only at high-metal stations (Fig. 3a, 3c,
3d).


Effects of heavy metals on abundance of the four
major functional feeding groups (scrapers, shredders,
collectors, and predators) were highly significant (Fig.
3). The greatest response was observed for scrapers
(Fig. 3e) and predators (Fig. 3h), which were signifi-
cantly lower at medium- and high-metal stations.
Shredders (Fig. 3f) and collectors (Fig. 3g) were rel-
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FIG. 4. Abundance and species richness of mayflies, stoneflies, caddisflies, and chironomids at background, low-, medium-,
and high-metal sites. Data are means and 1 SE. See Fig. 3 for details of statistical analyses.


atively tolerant of metals and were significantly lower
only at high-metal sites.


Effects of heavy metals were generally greater on
mayflies compared to other macroinvertebrate groups
(Fig. 4). Abundance and species richness of mayflies
were significantly lower at both medium- and high-
metal stations (Fig. 4a, b). Although species richness
of stoneflies (Fig. 4d), caddisflies (Fig. 4f), and chi-
ronomids (Fig. 4h) differed among metal levels, only
high-metal sites were significantly different from back-
ground. Caddisflies were the only macroinvertebrate


group whose abundance did not vary significantly
among metal levels (Fig. 4e).


Responses of dominant taxa to metals


Although abundance of most dominant benthic ma-
croinvertebrate taxa differed significantly among met-
al categories, the effects of metals were generally
greatest on mayflies and stoneflies (Fig. 5). In partic-
ular, abundance of the mayflies Rhithrogena robusta
(Fig. 5b), Cinygmula sp. (Fig. 5c), and Drunella dodd-
si (Fig. 5d), and the stonefly Sweltsa sp. (Fig. 5e) was
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FIG. 5. Abundance of the 16 dominant taxa at background, low-, medium-, and high-metal sites. Data are means and 1
SE. See Fig. 3 for details of statistical analyses.


significantly lower at medium- and high-metal sta-
tions. Rhyacophila sp. (Fig. 5j) was the only caddisfly
that showed a significant response to metal level and
was lower at medium-metal sites. Differences among
metal categories in abundance of the three other dom-
inant caddisflies, (Brachycentrus americanus, Hy-
dropsyche sp., and Lepidostoma sp.) and the blackfly
Simulium sp. were not significant (Fig. 5g, h, i, k).
Abundance of the beetle Optioservus sp. (Elmidae)
(Fig. 5l) differed significantly among metal levels, but
this difference resulted from increased abundance at
low-metal sites compared to background. Three of the
four dominant chironomid taxa (Tvetenia bavarica,
Microspectra sp., and Orthocladius sp.) differed sig-
nificantly among metal categories (Fig. 5n, o, p); how-
ever, effects were observed only at the highest metal
levels.


Taxonomic aggregation and effects of heavy metals


To investigate the influence of taxonomic aggre-
gation on responses of benthic macroinvertebrate to
heavy metals, we selected the dominant genus within
each of the four major macroinvertebrate groups
(mayflies, stoneflies, caddisflies, and dipterans) that


showed the most consistent response to heavy metals.
Because our goal was to determine if coarser levels
of taxonomic resolution improved our ability to assess
effects of metals at large spatial scales, we chose a
genus within each group that was sensitive to metals.
The effects of taxonomic aggregation on responses of
these four groups to heavy metals were most pro-
nounced for mayflies (Fig. 6). The amount of variation
explained (r2 5 0.14 to 0.32) from one-way ANOVA
increased with the level of taxonomic aggregation for
this group. In contrast, total abundance of caddisflies
was not influenced by heavy metals, but effects on
Rhyacophila sp. (the only genus in the family Rhy-
acophilidae in Colorado) were highly significant. Tax-
onomic aggregation had relatively little influence on
the responses of stoneflies and dipterans to heavy met-
als. The amount of variation explained (r2 5 0.12 to
0.19) from one-way ANOVA for these groups was
generally similar at different levels of taxonomic ag-
gregation.


The role of metals in structuring benthic
communities


Results of stepwise multiple regression using the 78
randomly selected stations indicated that heavy-metal
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FIG. 6. The influence of taxonomic aggre-
gation on responses of the four major macroin-
vertebrate groups to heavy metals in Rocky
Mountain streams. The figure compares r2 val-
ues (df 5 3, 91) and levels of significance (*P
, 0.05; **P , 0.01; ***P , 0.001; NS 5 not
significant) from one-way ANOVA testing for
differences among metal categories for Ephem-
eroptera (Heptageniidae: Rhithrogena sp.), Ple-
coptera (Chloroperlidae: Sweltsa sp.), Trichop-
tera (Rhyacophilidae: Rhyacophila sp.), and
Diptera (Chironomidae: Ortholcadius sp.). Note
that Rhyacophila is the only genus in the family
Rhyacophilidae in Colorado.


concentration was the most important predictor vari-
able for 14 of the 16 community variables that we
examined (Table 2). The CCU was included in all mul-
tiple-regression models except for caddisfly and shred-
der abundance. The amount of variation explained by
the CCU in these models ranged from 16% (caddisfly
richness) to 52% (EPT [Ephemeroptera, Plecoptera,
and Trichoptera]). Although other physicochemical
characteristics, such as water temperature, SO4, PO4,
and conductivity were included in some models, they
generally explained much less variation in community
structure than did metal concentration.


DISCUSSION


Of the 32 biological variables examined in this study
(16 community measures and 16 dominant taxa), 26
differed significantly among the four metal levels. Al-
though none of these variables were significantly lower
at low-metal sites (where CCU [cumulative criterion
unit] values were between 1.0–2.0), abundance of pred-
ators, mayfly abundance, and mayfly richness appeared
to respond to these low-metal levels (Fig. 3h and 4a,
b). Benthic community composition was significantly
altered at medium-metal sites, where the mean CCU
was 4.7. Based on these results, we suggest that the
cumulative criterion value for metals is protective of
benthic communities in Colorado’s mountain streams;
however, alterations in benthic macroinvertebrate com-
munity structure are likely to occur when heavy-metal
concentrations exceed 2 times the U.S. Environmental
Protection Agency’s chronic criterion value. These
findings are consistent with results reported in a pre-
vious study of six Colorado streams polluted by Zn
(Clements and Kiffney 1995).


Measures of species richness were generally less var-
iable than abundance of major taxonomic groups or
dominant taxa, a finding that has been reported pre-
viously for other stressors (Barbour et al. 1996, Fore
et al. 1996, Johnson 1998). Benthic community mea-


sures that showed the strongest response in the present
study are also known to be useful indicators of metal
pollution (Clements et al. 1988, Clements 1994, Cle-
ments and Kiffney 1995, Kiffney and Clements 1996).
For example, mayflies are highly sensitive to heavy
metals in western streams and are often the first group
eliminated downstream from metal inputs (Leland et
al. 1989, Nelson and Roline 1993, Clements 1994, Cle-
ments and Kiffney 1995). In the present study, abun-
dance and species richness of mayflies and abundance
of most dominant mayfly taxa were significantly lower
at medium-metal stations.


Previous studies have reported that the EPT index is
a reliable indicator of water quality (Plafkin et al 1989,
Lenat and Barbour 1994) and is closely related to func-
tional measures (decomposition, secondary productiv-
ity) of biological integrity (Wallace et al. 1996). How-
ever, research on the Arkansas River, a Colorado stream
degraded by heavy metals, showed that the EPT index
was relatively insensitive to moderate levels of metal
contamination because mayflies were replaced by met-
al-tolerant caddisflies at polluted sites (Clements and
Kiffney 1994). In the present study the EPT index was
lower at medium-metal sites, and heavy-metal concen-
tration was the most important predictor variable for
this metric in the multiple-regression model (partial r2


5 0.52). These results suggest that the EPT index may
be a more useful indicator of heavy-metal pollution at
a large regional scale than in individual streams.


One of the most consistent responses to heavy metals
in our study was lower abundance of heptageniid may-
flies. In particular, abundance of the mayflies Rhith-
rogena robusta and Cinygmula sp. was reduced by
.75% at medium-metal sites. Results of microcosm
experiments (Kiffney and Clements 1994) and field
studies in Colorado (Nelson and Roline 1993, Clements
1994, Clements and Kiffney 1995) indicate that hep-
tageniid mayflies are highly sensitive to heavy metals.
Increased abundance of Rhithrogena hageni has also
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TABLE 2. Results of stepwise multiple regression (forward selection) showing the relationship between benthic macroin-
vertebrate community variables and physicochemical characteristics at 78 randomly selected stations on streams in the
Southern Rocky Mountain ecoregion. The directional influence (1, 2) of each predictor included in the regression model
is also shown.


Dependent variable Predictors in model Partial r2 Model r2 Model F Model P


Total abundance CCU (2)
PO4 (1)
SO4 (2)


0.51
0.09
0.05


0.65 F3,53 5 32.1 0.0001


Total species richness CCU (2)
PO4 (1)


0.39
0.06


0.45 F2,54 5 22.3 0.0001


EPT richness CCU (2)
hardness (2)
NO2 (1)
PO4 (1)


0.52
0.07
0.04
0.03


0.66 F4,52 5 25.0 0.0001


EPT abundance


Scrapers


Shredders


CCU (2)


CCU (2)
PO4 (1)


SO4 (2)
temperature (2)


0.51


0.35
0.05


0.18
0.10


0.51


0.40


0.28


F1,55 5 57.1


F2,54 5 17.8


F2,54 5 10.6


0.0001


0.0001


0.0001


Collectors CCU (2)
SO4(2)
alkalinity (1)


0.48
0.06
0.04


0.58 F3,53 5 24.1 0.0001


Predators


Mayfly abundance


Stonefly abundance


CCU (2)
pH (1)


CCU (2)


CCU (2)
temperature (2)


0.37
0.06


0.46


0.27
0.20


0.43


0.46


0.47


F2,54 5 20.8


F1,54 5 47.5


F2,54 5 24.2


0.0001


0.0001


0.0001


Caddisfly abundance


Chironomid abundance


Mayfly richness


SO4 (2)


CCU (2)


CCU (2)
hardness (2)


0.11


0.19


0.43
0.07


0.11


0.19


0.50


F1,55 5 7.0


F1,55 5 12.8


F2,54 5 41.1


0.0106


0.0007


0.0001


Stonefly richness CCU (2)
temperature (2)
NO2 (1)
conductivity (2)
pH (1)


0.47
0.15
0.06
0.03
0.03


0.74 F5,51 5 29.0 0.0001


Caddisfly richness


Chironomid richness


CCU (2)
PO4 (1)
conductivity (2)


CCU (2)


0.16
0.08
0.07


0.25


0.31


0.25


F3,53 5 8.0


F1,55 5 18.4


0.0002


0.0001


Notes: Total degrees of freedom differ among response variables because of missing values for some predictors. CCU 5
cumulative criterion unit, the ratio of the measured metal concentration to the U.S. Environmental Protection Agency’s
criterion value, summed for all metals at a station (see Methods: Characterization of heavy-metal concentrations). EPT 5
Ephemeroptera, Plecoptera, and Trichoptera.


been proposed as a measure of recovery in metal-pol-
luted streams (Nelson and Roline 1993, 1996). Our
results support the hypothesis that lower abundance of
heptageniid mayflies is one of the most useful indi-
cators of metal pollution in Rocky Mountain streams.


The level of taxonomic aggregation in biomonitoring
studies


Because of the problems and high cost associated
with identifying certain groups of benthic macroinver-
tebrates to genus or species (e.g., chironomids), the
level of taxonomic resolution in biomonitoring studies
is an important consideration. Although it is necessary
to identify organisms to a level that provides a reliable
measure of response to perturbation, aggregating spe-


cies or genera into higher taxonomic categories may
result in more useful indicators (Cottingham and Car-
penter 1998). Not surprisingly, chironomids were the
most diverse group in our study and accounted for 141
of the 350 taxa identified. In retrospect, species- or even
genus-level identification of chironomids was probably
not necessary to characterize effects of heavy metals
in this study. Abundance of the three dominant chi-
ronomid taxa was highly variable and was significantly
lower only at severely polluted sites (Fig. 5n, o, p). In
fact, F values for total taxonomic richness increased
when chironomids were excluded from the analysis
(F3,91 5 16.7 with chironomids; F3,91 5 18.3 without
chironomids), indicating that species- or genus-level
identification of this group did not improve our ability
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to distinguish between background and metal-polluted
streams.


Several researchers have reported that relatively
coarse levels of taxonomic resolution are sufficient to
detect effects of pollution on benthic communities
(Warwick 1993, Ferraro and Cole 1995, Vanderklift et
al. 1996). For example, Bowman and Bailey (1997)
concluded that patterns of community structure were
similar when analyses were based on genus- or family-
level identifications. Aggregate measures of phyto-
plankton community composition were more reliable
indicators of eutrophication than were species popu-
lations in a whole-lake enrichment experiment (Cot-
tingham and Carpenter 1998). The most likely expla-
nation for these results is that closely related species
often have similar sensitivity to the same contaminants
and therefore aggregating species into higher taxonom-
ic units reduces sampling variability (Warwick 1988).


When samples are collected over relatively large
geographic areas, as in the present study, higher tax-
onomic aggregates (e.g., families, orders) will be rep-
resented at more sites than any individual species. If
species in these aggregates show similar responses to
disturbance, then measures at coarse levels of taxo-
nomic resolution will most likely be better indicators.
In our study, taxonomic aggregation had the greatest
effects on responses of mayflies to heavy metals. Al-
though the mayfly Rhithrogena sp. was sensitive to
heavy metals, total abundance of heptageniids and
Ephemeroptera were better indicators (Fig. 6). Unlike
these aggregate measures, abundance of Rhithrogena
sp. was highly variable, particularly at background and
low-metal sites. Because most mayflies and almost all
heptageniids are sensitive to metals, these aggregate
measures were better indicators of pollution at the large
spatial scale of our study. In contrast to these results,
total caddisfly abundance was a poor indicator of metal
pollution. Unlike mayflies, the order Trichoptera in-
cludes families that are both highly tolerant (Brachy-
centridae and Hydropsychidae) and relatively sensitive
(Rhyacophilidae) to heavy-metal pollution.


In summary, the appropriate level of taxonomic res-
olution in biomonitoring studies represents a tradeoff
between natural background variability, sensitivity to
the stressor, and, in the case of problematic groups such
as chironomids, practical considerations. Ultimately,
the level of taxonomic resolution may also depend on
the spatial scale of the investigation. Family-level or
higher identification may be appropriate over a rela-
tively large spatial scale, such as in the present inves-
tigation. However, this coarse taxonomic resolution
may not be sufficient to detect effects of disturbance
within a single stream (Marchant et al. 1995).


The structuring role of heavy metals in Colorado’s
mountain streams


The influence of heavy metals on the distribution
and abundance of benthic macroinvertebrates in west-


ern streams has received considerable attention (Roline
1988, Nelson and Roline 1993, Clements 1994). How-
ever, because most of this research has been restricted
to individual streams, where upstream reference sites
were compared to downstream polluted sites, it is dif-
ficult to make generalizations from these studies (Hurl-
bert 1984, Feldman and Connor 1992, Clements and
Kiffney 1995). Our study compared 31 relatively un-
polluted sites (CCU , 1.0) to 64 metal-polluted sites
in the Southern Rocky Mountain ecoregion of Colorado
(USA). Because most sites were selected randomly, our
results have broad implications for all streams in this
region. Stepwise multiple-regression analyses using
only randomly selected sites showed that heavy-metal
concentration was the most important predictor for 14
of 16 community variables. These findings demonstrate
that heavy metals play an important role in structuring
benthic communities in streams of the Southern Rocky
Mountain ecoregion. Because of the ubiquitous distri-
bution of heavy-metal pollution in this region, we con-
clude that effects of heavy metals should be considered
when investigating large-scale spatial patterns of ben-
thic macroinvertebrate communities in Colorado’s
mountain streams.


Although our data are spatially extensive, we cur-
rently lack information on seasonal or long term re-
sponses to heavy metals in these streams. Previous re-
search in Colorado has shown a strong seasonal re-
sponse of benthic communities to heavy metals, with
greatest effects observed during spring runoff when
metal levels are highest (Clements 1994). Consequent-
ly, the late-summer sampling employed in the present
study may have underestimated effects of metals. Be-
cause many of the remote, high-elevation streams in
Colorado are inaccessible until early summer, estimat-
ing seasonal variation in community responses to met-
als will be difficult. In addition to accounting for sea-
sonal variation, a complete analysis of heavy-metal ef-
fects should examine long-term changes in benthic
communities. Although our study was limited to two
consecutive years, these data provide the necessary
baseline information to evaluate future changes in wa-
ter quality in Colorado’s mountain streams.
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Abstract—If bioassessments are to help diagnose the specific environmental stressors affecting streams, a better understanding is
needed of the relationships between community metrics and ambient criteria or ambient bioassays. However, this relationship is
not simple, because metrics assess responses at the community level of biological organization, while ambient criteria and ambient
bioassays assess or are based on responses at the individual level. For metals, the relationship is further complicated by the influence
of other chemical variables, such as hardness, on their bioavailability and toxicity. In 1993 and 1994, U.S. Environmental Protection
Agency (U.S. EPA) conducted a Regional Environmental Monitoring and Assessment Program (REMAP) survey on wadeable
streams in Colorado’s (USA) Southern Rockies Ecoregion. In this ecoregion, mining over the past century has resulted in metals
contamination of streams. The surveys collected data on fish and macroinvertebrate assemblages, physical habitat, and sediment
and water chemistry and toxicity. These data provide a framework for assessing diagnostic community metrics for specific envi-
ronmental stressors. We characterized streams as metals-affected based on exceedence of hardness-adjusted criteria for cadmium,
copper, lead, and zinc in water; on water toxicity tests (48-h Pimephales promelas and Ceriodaphnia dubia survival); on exceedence
of sediment threshold effect levels (TELs); or on sediment toxicity tests (7-d Hyalella azteca survival and growth). Macroinvertebrate
and fish metrics were compared among affected and unaffected sites to identify metrics sensitive to metals. Several macroinvertebrate
metrics, particularly richness metrics, were less in affected streams, while other metrics were not. This is a function of the sensitivity
of the individual metrics to metals effects. Fish metrics were less sensitive to metals because of the low diversity of fish in these streams.


Keywords—Sediments Surface water Ambient criteria Ambient bioassays Community metrics


INTRODUCTION


The purpose of this study was to compare the three primary
methods currently used by the U.S. EPA for the ecological
assessment of contaminant exposure and effects in surface wa-
ters or sediments: Chemical criteria for the protection of aquatic
life, such as ambient water quality criteria (AWQCs) or sediment
criteria; ambient toxicity assessments of water or sediments;
and bioassessments of selected biotic assemblages, such as fish
or macroinvertebrates. Chemical criteria are derived using nu-
merical methods from compilations of bioassay data, such as
species-sensitivity distributions [1,2]. Ambient toxicity assess-
ments are bioassays with standard species, such as Pimephales
promelas and Ceriodaphnia dubia to test water or Hyalella
azeteca and Chironomus riparius to test sediments [3,4]. Bioas-
sessments enumerate samples of selected biotic assemblages,
calculate metrics that describe the assemblages, and sum the
metric scores to produce indices of biotic integrity [5].


Because of their differing measurement endpoints, these
methods assess different levels of biological organization.
Chemical criteria and ambient toxicity assessments are based
on measures of the responses of individuals and show indi-
vidual effects that may be extrapolated to population level
effects [6]. Bioassessments show community-level effects. In
addition, chemical criteria and ambient toxicity assessments
differ, because chemical criteria are based on bioassay data
from a range of taxa, whereas ambient toxicity assessments
use a few standard bioassay species to test environmental samples.


* To whom correspondence may be addressed
(griffith.michael@epa.gov).


A premise about the relationships between measurement
endpoints of each of these assessment tools and the protection
for higher levels of biological organization is that these levels
of biological organization are hierarchical. Bioassays measure
individual endpoints, such as mortality, growth, or reproduc-
tion, tied to populations, because rates of mortality and re-
production affect population size. Chemical criteria generally
are based on compilations of bioassay data for various species
(i.e., the species-sensitivity distribution) [2] and are considered
to be protective of at least 95% of the taxa in aquatic com-
munities, because the thresholds are set at the 5th percentile
of the most sensitive genera in the sensitivity distribution for
a chemical [1]. Protection at the community level for ambient
toxicity assessments may be variable, because of variable sen-
sitivity of the bioassayed species to different chemicals com-
pared with the indigenous taxa in a community. However, this
premise has not been tested. Continued use of these methods
in ecological assessment and management of environmental
contaminants can benefit from a greater understanding of the
relationships between the levels of biological organization and
their protection by the endpoints measured by these methods.


The objectives of this project were to compare and contrast
statistically the conclusions of the different methods about the
effects of contaminants at different sites to determine the re-
lationships between the levels of biological organization pro-
tected by each method and assess the extent to which indi-
vidual-level effects are predictive of effects at the community
level. In this paper, this approach is applied to the effects of
metals contamination in streams associated with hard rock
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Fig. 1. Map of Colorado, USA, with the mineralized region of the
Southern Rockies Ecoregion and locations of the 1994–1995 Regional
Environmental Monitoring and Assessment Program (REMAP) reach-
es (----, mineralized region; v, random-selection reaches; m, upstream
reaches; V, downstream reaches).


metal mining in the mineralized belt of the Southern Rockies
Ecoregion of Colorado. This region is characterized by his-
torical and active mining for base metals, and discharges from
approximately 23,000 abandoned mines affect more than 2,000
km of streams in Colorado [7,8] (www.mining.state.co.us/
dmginactive.html).


MATERIALS AND METHODS


Study area and survey design


The mineralized belt of the Southern Rockies Ecoregion
includes headwater drainages of the South Platte, Arkansas,
Rio Grande, and Colorado Rivers (USA) (Fig. 1). We present
data compiled from U.S. EPA’s Regional Environmental Mon-
itoring and Assessment Program (REMAP) surveys conducted
in 1994 and 1995. As part of these surveys, 73 sampling sites
were selected using a randomization method with a spatial
systematic component [9]. The stream network on the digitized
version of the 1:100,000 scale U.S. Geological Survey topo-
graphic map was used as the sample frame. The surveys were
restricted to 2nd, 3rd, and 4th order [10] on the 1:100,000 scale
map. Sample probabilities were set so that roughly equal num-
bers of 2nd-, 3rd-, and 4th-order streams appeared in the sample.
Thirteen additional sites were selected that were variable dis-
tances either upstream (i.e., six sites) or downstream (i.e., seven
sites) of known mining sites. Subsets of sites were revisited
either within each year or between years to assess variability
between visits, but data from only the first visit to a site were
considered in these analyses. Nevertheless, some sites lacked
data for one or more of the measurements, such as chemistry,
bioassays, macroinvertebrates, or fish.


Streams were sampled from late July to late September each
year. This period of the water year is when stable base flows
occur in these Rocky Mountain streams. Sampling was con-
ducted to avoid episodic events when biological and chemical
conditions were likely different from those during baseflow
[9]. A length of stream equal to 40 times the mean low-flow,
wetted width (minimum of 150 m and maximum of 500 m)
was delineated around each randomly chosen sampling point.
The reach length was based on Environmental Monitoring and
Assessment Program pilot studies that suggested this reach


length was necessary to characterize the physical habitats in
the stream [9].


Water and sediment chemistry


Stream water samples were collected in a flowing portion
near the middle of each stream reach in low-density polyeth-
ylene containers [11]. Samples for dissolved cations and metals
were filtered (0.45-mm filter) in the field, and samples for
dissolved and total metals were preserved with 2 ml of con-
centrated HNO3 [12]. All samples were placed on ice and sent
to the analytical laboratory. Base cations and metals were de-
termined by atomic absorption [12]. Hardness was calculated
from dissolved Ca and Mg [13].


Sediments for metal analysis were placed in resealable plas-
tic bags, placed on ice, and sent to the analytical laboratory
[10]. Samples were digested with HNO3 and HCl, and metals
measured by atomic absorption [12].


Invertebrate and fish bioassays


Subsamples of the water and sediments also were used in
bioassays. Water bioassays were conducted with ,24-h-old
Ceriodaphnia dubia and 3- to 7-d-old Pimephales promelas
using water column toxicity testing procedures [3]. The bio-
assays were 48-h static-renewal tests, conducted at 208C. Mod-
erately hard reconstituted water was used for the control water.
The measurement endpoint for these bioassays was percentage
of survival. Preliminary comparisons indicated that bioassays
where survival was 80% or less were significantly less than
survival in the control bioassays.


Sediment bioassays were conducted with 7-d-old Hyalella
azteca using sediment toxicity testing procedures [14]. The
tests were conducted in several sets, with 10 to 14 sediments
tested in each set. The bioassays were 7-d static-renewal tests,
conducted at 258C. Reformulated, moderately hard, reconsti-
tuted water was used as the overlying water [15] and potting
soil sediment was used as the control sediment. Animals were
fed and the temperature of the overlying water was recorded
daily. At the end of the test, the sediments were sieved through
a U.S. standard 60 screen (250-mm mesh, W.S. Tyler, Cleve-
land, OH, USA), and the live animals were collected and count-
ed. Animals were euthanized with 70% ethanol, dried for 2 h
at 1008C, and placed in a desiccator until weighed. The mea-
surement endpoints for this bioassay were percentage of sur-
vival and percentage of growth. Preliminary comparisons in-
dicated that bioassays where survival was 85% or less or
growth was 90% or less were significantly less than survival
and growth in the control bioassays.


Macroinvertebrate collection and identification


Semiquantitative macroinvertebrate samples were collected
with a kick net from riffles or pools at each of nine transects
along a reach [11]. The samples from each transect were com-
bined into separate composite riffle and pool samples for each
reach. Because of the preponderance of riffle habitats at all
sites (i.e., a pool composite sample was collected at only 11
of 86 sites), only data from composite riffle samples were used
in these analyses. A 300-individual subsample was counted
for each composite sample. Abundances per m2 were estimated
based on the number of grids sorted, subsamples, and transects
in a composite sample.


Fish collection and identification


Fish were collected from the entire stream reach according
to time and distance criteria using pulsed direct-current back-
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Table 1. Macroinvertebrate and fish metrics that exhibited differences between the two groups segregated using at least one of the following
measurement endpoints: (D) Hardness-adjusted dissolved chronic criteria for Cd, Cu, Pb, or Zn; (WT) results of 48-h water bioassays with
Ceriodaphnia dubia or Pimephales promelas; (S) sediment threshold-effect levels for Cd, Cu, Pb, or Zn based on 28-d Hyalella azteca tests;
and (ST) results of 7-d sediment bioassays with H. azteca. The values are F for the one-way analysis of variance comparing the metric between
the unaffected and affected groups segregated based on the measure endpoint. The p-value associated with F is in parentheses; * 5 Statistically


significant when p was corrected with the sequential Bonferroni technique


Community metrics D WT S ST


Macroinvertebrates
Total taxa richness
Total abundance
Abundance per taxon
Intolerant taxa richness


21.36 (,0.001)*
11.99 (,0.001)*
9.11 (0.003)*


10.81 (0.002)*


39.67 (,0.001)*
6.90 (0.010)
2.98 (0.088)


23.12 (,0.001)*


10.08 (0.002)*
1.21 (0.27)
0.68 (0.41)
7.24 (0.009)*


11.42 (0.001)*
3.10 (0.082)
1.65 (0.20)


11.71 (0.001)*
Ephemeroptera taxa richness
Plecoptera richness
Trichoptera taxa richness
EPTa taxa richness


7.82 (0.006)*
5.04 (0.027)
6.36 (0.014)


10.74 (0.002)*


15.55 (,0.001)*
10.55 (0.002)*
15.15 (,0.001)*
24.41 (,0.001)*


8.48 (0.005)*
0.88 (0.35)
3.42 (0.068)
6.31 (0.014)


6.65 (0.012)
1.83 (0.18)
3.42 (0.068)
6.31 (0.014)


Chironomidae taxa richness
% Ind.b, tolerant taxa
Orthocladinae taxa richness
Tanytarsini taxa richness
Coleoptera taxa richness


5.81 (0.018)
0.56 (0.46)
3.84 (0.053)
6.14 (0.015)
2.71 (0.10)


12.07 (,0.001)*
4.68 (0.033)


11.23 (0.001)*
13.02 (,0.001)*


5.14 (0.026)


1.69 (0.20)
0.43 (0.51)
0.42 (0.52)
5.57 (0.021)
4.98 (0.028)


3.97 (0.050)
0.54 (0.47)
0.92 (0.34)


10.77 (0.002)*
0.55 (0.46)


% Ind., Ephemeroptera
% Orthocladinae of Chironomidae
% Tanytarsini of Chironomidae
% Ind., Coleoptera
% Ind., Diptera and noninsects


2.55 (0.11)
2.10 (0.16)
1.95 (0.17)
3.20 (0.078)
0.01 (0.93)


4.24 (0.043)
5.35 (0.023)
7.62 (0.007)
3.88 (0.052)
2.77 (0.10)


0.39 (0.54)
0.01 (0.94)
3.53 (0.064)
7.27 (0.009)*
4.54 (0.036)


1.70 (0.20)
0.92 (0.34)
9.71 (0.003)*
2.96 (0.089)
0.04 (0.84)


% Ind., most common taxon
% Ind., five most common taxa
Collector–filterer taxa richness
Collector–gatherer taxa richness


6.90 (0.010)
6.02 (0.016)
2.94 (0.090)


11.94 (,0.001)*


4.21 (0.043)
5.83 (0.018)
4.30 (0.041)


19.46 (,0.001)*


0.21 (0.65)
0.77 (0.38)
2.70 (0.10)
5.10 (0.027)


0.55 (0.46)
2.38 (0.13)
0.51 (0.48)
8.49 (0.005)*


Predator taxa richness
Shredder taxa richness
Scraper taxa richness


4.30 (0.041)
6.87 (0.010)
5.52 (0.021)


5.01 (0.028)
16.41 (,0.001)*


7.25 (0.009)


1.98 (0.16)
7.43 (0.008)*
4.54 (0.036)


2.84 (0.10)
0.91 (0.34)
4.61 (0.035)


Fish
Total species richness
Salmonidae species richness
Total abundance
Adult abundance
Salmonidae abundance


4.61 (0.030)
5.40 (0.023)
3.21 (0.077)
3.10 (0.082)
5.83 (0.018)


8.36 (0.005)
7.08 (0.010)
4.36 (0.040)
4.50 (0.037)
3.45 (0.067)


5.85 (0.018)
3.69 (0.059)
3.93 (0.051)
3.85 (0.054)
0.75 (0.39)


0.93 (0.34)
0.51 (0.48)
1.88 (0.18)
1.72 (0.19)
3.12 (0.081)


% Ind., native species
% Ind., Salmonidae
% Ind., native Salmonidae
% Oncorhynchus of Salmonidae


0.00 (0.98)
3.99 (0.049)
0.65 (0.42)
0.42 (0.52)


2.32 (0.13)
12.18 (,0.001)*
1.84 (0.18)
3.35 (0.071)


7.86 (0.006)*
0.06 (0.81)
6.14 (0.015)
5.60 (0.021)


0.20 (0.66)
1.31 (0.26)
0.86 (0.36)
0.04 (0.85)


a EPT 5 Ephemeroptera, Plecoptera, and Trichoptera.
b % Ind. 5 Percentage of individuals.


pack electrofishing equipment supplemented by seining [11].
The objective was to collect a representative sample of the
fish assemblage by methods designed to collect all except very
rare species and provide a robust measure of proportional
abundances of species. Sport fish and easily recognized species
were identified and released. Voucher specimens (up to 25) of
smaller individuals of each species and unidentified specimens
were retained for museum verification.


Calculation of community metrics


The macroinvertebrate data were used to calculate various
community metrics (Tables 1 and 2) proposed in the literature
[5]. Similarly, community metrics for fish were calculated (Ta-
bles 1 and 2), but the number of fish metrics was limited by
the low natural diversity of the fish assemblages found in these
coldwater systems [16].


Data handling and analysis


Sampling events were classified into two groups, those sites
potentially affected and those sites unaffected by metals in
surface water or sediment. This segregation was repeated four


times, each based on one of the four different individual-ef-
fects–based measures (Table 3). The chronic AWQCs from
U.S. EPA [17,18] and the sediment threshold-effects levels
(TELs) from U.S. EPA [19] were used to classify the chemistry
data. Because the water quality criteria for Cd, Cu, Pb, and
Zn are hardness-dependent, the exact values of these criteria
varied among sites. The TELs are based on a compilation of
data from 28-d H. azteca sediment toxicity tests and were total
concentrations of 0.583, 28.0, 37.2, and 98.1 mg/kg dry-weight
of sediment for Cd, Cu, Pb, and Zn, respectively [19]. Because
contamination associated with metal mining generally consists
of a mixture of metals, a site was included in the potentially
affected groups based on water or sediment chemistry if the
concentration of at least one metal exceeded its criterion.


Assignments of sites to groups were compared between
surface water and sediments and between the ambient criteria
and bioassays with contingency tables, and the index g [20]
was calculated to assess the correspondence between the
groups. The index g is a measure of association in the as-
signment of sites that ranges from 21 to 11.


Then selected macroinvertebrate and fish metrics were com-
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Table 2. Metrics that did not exhibit differences among the groups


Macroinvertebrate metrics Fish metrics


% Ind.a, Plecoptera
% Ind., Trichoptera
% Ind., EPTb taxa
Ratio, EPT to EPT 1 Chironomidae
% Ind., Chironomidae


Native species richness
Native species abundance
Native, non-Salmonidae species richness
Native, non-Salmonidae abundance
% Ind., native, non-Salmonidae


% Ind., Diptera
Crustacea and Mollusca taxa richness
% Ind., Oligochaeta and Hirundea
Hilsenhoff’s biotic index
% Ind., collector–filterers
% Ind., collector–gatherers
% Ind., predators
% Ind., shredders
% Ind., grazers


a % Ind. 5 Percentage of individuals.
b EPT 5 Ephemeroptera, Plecoptera, and Trichoptera.


Table 3. Criteria used to divide sites into the affected or unaffected groups


Variable Individual measure


Dissolved concentrations of Cd, Cu, Pb, or Zn $ Hardness-adjusted dissolved chronic criteria [17,18]
Survival of Ceriodaphnia dubia or Pimephales promelas in a 48-h


toxicity test
# 80% Survival


Sediment concentrations of Cd, Cu, Pb, or Zn $ Threshold-effects level (TEL) for the 28-d H. azteca sediment
toxicity test [19]


Survival or growth of Hyalella azteca in 7-d toxicity test #85% Survival or #90% growth


pared individually between each pair of groups using a one-
way analysis of variance to answer the question, ‘‘Was the
mean value of the metric different between the groups iden-
tified as affected or unaffected by metals based on the indi-
vidual-effects–based measures?’’ Statistical significance was
set at a 5 0.05, and the probabilities for simultaneous tests
were corrected with the sequential Bonferroni technique [21].


These methods often are used concurrently to make deci-
sions about adverse effects at individual sites. Therefore, we
quantified the frequency of disagreement between an assess-
ment of sites based on individual effects and that based on the
significant community metric. An assessment based on a com-
munity metric would differ if the metric was greater than ex-
pected at a site identified as affected based on individual effects
or if the metric was less than expected at a site identified as
unaffected based on individual effects. We defined community
metrics as being greater than expected when they were greater
than the 95% upper confidence limit of an affected group and
as being less than expected when the metrics were less than
the 95% lower confidence limit of the unaffected group.


We used piecewise or segmented regression [22] to further
explore the relationships between the significant metrics and
the concentrations of Cd, Cu, Pb, and Zn in surface water or
sediments relative to the individual-based criteria. Piecewise
regression is an approach to modeling data in which the re-
gression changes at one or more points, called join points,
along the range of the independent variable [23]. If the criteria
values (i.e., the chronic AWQC for surface water or the TEL
for sediments) represent threshold concentrations for effects
at the community level as measured by the metrics, then a2 or
b2 should be significantly less than zero in the piecewise re-
gression model,


y 5 a 1 a x 1 b log x 1 b log x0 1 1 0 e 2 1 e 2 (1)


where x1 was a dummy variable with a value of 1 if at least
one metal exceeded its criterion and a value of zero otherwise,
x2 was the summation of the ratios of the concentration of each
metal to its criterion, and y is the metric value. By designing
the analyses in this way, the model is reduced to


y 5 a 1 b log x0 0 e 2 (2)


when no metals exceeded their criteria, because a1x1 5 0 and
b1x1logex2 5 0. The coefficients, a1 and b1, then are the changes
in the intercept and slope of the regression when at least one
metal exceeds its criterion. This approach, using the summed
ratios of the concentration of each metal to its criterion as the
continuous independent variable, assumed that the effects of
the four metals were concentration additive and that the criteria
values represent their common mechanism and threshold level
of effect. The criteria do not account for possible synergistic
or antagonistic effects among these metals [24].


RESULTS AND DISCUSSION


Because data were not complete for some sites (i.e., some
sites lacked fish, chemistry, or toxicity data), macroinverte-
brate metrics could be compared for 83 to 85 sites depending
on the individual-based measurement endpoint. Fish metrics
could be compared for 76 to 78 sites.


Individual-based measures


Using either criteria or bioassays, more sites were identified
as affected by sediment contamination than by surface water
contamination, because there were more sites where criteria
or bioassays indicated sediments were toxic while surface wa-
ter was not than the reverse (Table 4). The index g was slightly
greater for the association between assessments based on water
or sediment criteria (g 5 10.89) than those based on water
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Table 4. Correspondence of conclusions of assessments for surface
water and sediment for sampling events


Criteria (g 5 10.89)


Were water criteria exceeded?


No Yes Total


Were sediment threshold-
effects levels exceeded?


No
Yes
Total


53
15
68


3
15
18


56
30


n 5 86


Bioassays (g 5 10.83)


Did water bioassays show ef-
fects?


No Yes Total


Did sediment bioassays
show effects?


No
Yes
Total


63
10
73


4
7


11


67
17


n 5 84


Table 5. Correspondence of conclusions of assessments based on
criteria and bioassays for sampling events


Water (g 5 10.98)


Were water criteria exceeded?


No Yes Total


Did water bioassays show
effects?


No
Yes
Total


65
1


66


8
10
18


73
11


n 5 84


Sediment (g 5 10.73)


Were sediment threshold-ef-
fects levels exceeded?


No Yes Total


Did sediment bioassays
show effects?


No
Yes
Total


49
5


54


18
12
30


67
17


n 5 84


Fig. 2. Comparison of macroinvertebrate metrics between groups identified as potentially affected or unaffected by each of the individual endpoints.
The boxes show the mean and 95% confidence limits of each metric for each group, and the whiskers show the range. (n 5 number of sites
classified in each group; U 5 unaffected group; A 5 affected group; ns 5 not significant; * 5 p , 0.05; ** 5 significant when probabilities
for simultaneous tests were corrected with a sequential Bonferroni technique; EPT 5 Ephemeroptera, Plecoptera, and Trichoptera; TEL 5
threshold-effects level.)


or sediment bioassays (g 5 10.83). Based on the hydrogeo-
chemistry of the mine drainage that results in this metal con-
tamination, it would be expected that some sites would have
elevated concentrations of these metals in sediment but not
water [25,26]. Also, the tests of sediment measure incremen-
tally more sensitive endpoints than those for water (i.e., sur-
vival and growth vs just survival).


Comparing the criteria versus the bioassays, more sites were
identified as affected based on criteria than on the bioassays
(Table 5), because criteria indicated surface water or sediments
were toxic while bioassays did not at more sites than in the
reverse. The index g was greater for the association between
assessments based on water (g 5 10.98) than those based on
sediment (g 5 10.73).
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Fig. 3. Comparison of macroinvertebrate and fish metrics between groups identified as potentially affected or unaffected by each of the individual
endpoints. The boxes show the mean and 95% confidence limits of each metric for each group, and the whiskers show the range (n 5 number
of sites classified in each group; U 5 unaffected group; A 5 affected group; ns 5 not significant; * 5 p , 0.05; ** 5 significant when
probabilities for simultaneous tests were corrected with a sequential Bonferroni technique; TEL 5 threshold-effects level.)


Individual-based measures versus community metrics


A number of macroinvertebrate metrics exhibited signifi-
cant differences between at least one pair of groups segregated
using the individual-based measures (Table 1). Other metrics
did not exhibit significant differences between any pairs of
groups (Table 2). However, this appears to depend on the sen-
sitivity of the individual metrics to the stressor gradient rep-
resented by metals contamination [27]. The metrics listed in
Table 1 with the greatest F statistics generally are richness
metrics, such as the total taxa richness, Ephemeroptera, Ple-
coptera, and Trichoptera taxa richness, Tanytarsini taxa rich-
ness, intolerant taxa richness, and collector–gatherer richness
for macroinvertebrates (Fig. 2 and 3). An exception was the
total number of individuals for macroinvertebrates (Fig. 3),
which is an abundance metric.


This sensitivity of richness metrics to metal contamination
is consistent with an assumption that effects at the individual
and population levels are the basis of effects observed at the
community level. Toxicants, such as metals, increase mortality
and decrease growth and reproduction of individuals within
an exposed population. These are individual effects that result
in reduced abundances at the population level [6]. At some
threshold, population recruitment fails, and species will be
eliminated from the community [28]. Because the threshold
concentrations at which different species are affected vary, an
increasing number of the species in a community would be
affected with increasing toxicant concentrations, and taxa rich-


ness would decrease [29]. The insensitivity of various relative
composition metrics suggests there was no concomitant in-
crease in more tolerant species in compensation for the elim-
inated species [30]. Such population effects also would be the
basis of the observed decrease in the total number of individ-
uals collected. We did not test other abundance metrics for
macroinvertebrates, because such metrics normally are not
used in bioassessments. Abundance metrics require quantita-
tive samples, and many bioassessments collect only qualitative
samples [5]. However, this REMAP study collected semi-
quantitative samples.


Fish metrics were less sensitive to the metal contamination.
Only two relative composition metrics each were significantly
different between one pair of groups (Fig. 3). However, this
lack of sensitivity by the fish metrics might be a result of the
low diversity of the fish assemblage in these streams.


When classification of sites to the affected and unaffected
groups based on individual effects is compared to individual
metric values, there are sites where the methods appear to
differ in their assessment of adverse effects (Table 6). For
example, the total taxa richness metric for macroinvertebrates
was greater than the 95% upper confidence limit of the mean
of the affected group for 6 of the 18 sites classified as affected
based on exceedence of the dissolved metals criteria and was
less than the 95% lower confidence limit of the mean of the
unaffected group for 28 of the 67 sites classified as unaffected.


Sites in the unaffected group where metrics are less than
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Table 6. Enumeration of sampling events where classification based on the individual-effects measures and based on the community metric
disagree. The total number of sampling events is the sum of the columns labeled Classified as unaffected and Classified as affected


Metric


No. of sampling events


Classified as
unaffected


Metric ,95% LCLa


for unaffected group
Classified
as affected


Metric
.95% UCLb


for affected group


Dissolved chronic criteria
Total taxa richness (macroinvertebrates)
Total number of individuals
Number, individuals per taxon
Intolerant taxa richness
Ephemeroptera taxa richness
EPTc taxa richness
Collector–gatherer taxa richness


67
67
67
67
67
67
67


28
36
32
23
22
20
30


18
18
18
18
18
18
18


6
1
3
5
7
4
6


Water bioassays
Total taxa richness (macroinvertebrates)
Intolerant taxa richness
Ephemeroptera taxa richness


73
73
73


29
25
24


11
11
11


3
2
2


Plecoptera taxa richness
Trichoptera taxa richness
EPT taxa richness
Chironomidae taxa richness
Orthocladinae taxa richness


73
73
73
73
73


28
29
25
32
31


11
11
11
11
11


3
4
4
3
3


Tanytarsini taxa richness
Collector–gatherer taxa richness
Shredder taxa richness
% Individuals, Salmonidae


73
73
73
67


27
33
40
25


11
11
11
11


3
4
1
3


Sediment threshold effects levels
Total taxa richness (macroinvertebrates)
Ephemeroptera taxa richness
% Coleoptera
Shredder taxa richness
% Individuals, native species


55
55
55
55
49


21
25
28
30
39


30
30
30
30
29


13
9
9
8
0


Sediment bioassays
Total taxa richness (macroinvertebrates)
Intolerant taxa richness
Tanytarsini taxa richness
% Tanytarsini of Chironomidae
Collector–gatherer taxa richness


67
67
67
67
67


26
22
23
33
33


17
17
17
17
17


7
6
4
2
5


a 95% LCL 5 95% lower confidence limit.
b 95% UCL 5 95% upper confidence limit.
c EPT 5 Ephemeroptera, Plecoptera, and Trichoptera.


the expected range may be affected by other stressors. Previous
analyses also identified increased nutrients and fine sediments
and decreased canopy cover associated with livestock grazing
in riparian zones as another stressor gradient in these Rocky
Mountain streams [27]. Also, because most sites were only
sampled once, we do not know the temporal variability of metal
concentrations in these streams, and these single measurements
may underestimate exposure of fish or macroinvertebrates to
metals in some streams.


At sites in the affected group where metrics were greater
than the expected range, exposure to metals in surface water
and sediments may differ from that measured, in part because
of unaccounted for effects on metal bioavailability. In surface
water, factors, such as dissolved organic carbon, pH, or other
cations besides water hardness, also may affect metal bio-
availability [31], but U.S. EPA water quality criteria currently
are only adjusted for water hardness. The TELs were derived
from analyses of bioassay data [19] that did not consider pos-
sible factors affecting metal bioavailability in sediments [32].
Acid volatile sulfide (AVS) can affect the bioavailability of
metals in sediments [33], but AVS was not measured in this
study, and significant concentrations of AVS are unlikely to


occur in the coarse, well-aerated sediments of these shallow,
high-gradient streams. It may be appropriate to include these
additional factors that affect metal bioavailability in models
used to adjust the criteria.


The differences in assignment of sites to affected and un-
affected groups based on criteria versus bioassays likely also
result from the direct assessment of bioavailability by the bio-
assays. However, there is also a difference in duration between
the individual endpoints for the criteria and bioassays. The
criteria we used are chronic criteria, whereas the bioassays
would be considered acute in duration. Chronic effects gen-
erally are expected at lower concentrations of toxicants than
acute effects, and chronic effects would be reflected by the
community metrics.


Piecewise regression analyses


Metal contamination associated with hard-rock metal min-
ing is a complex impact on streams. In the mineralized zone
of the Southern Rockies Ecoregion, the contamination pri-
marily is a mixture of four metals, Cd, Cu, Pb, and Zn, that
changes as surface water chemistry changes downstream from
the mine source [25]. To simplify our analyses, we assumed
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Fig. 4. Piecewise regressions of taxa richness metrics on the summed ratios of the dissolved concentrations of Cd, Cu, Pb, and Zn to their chronic
ambient water quality criteria (AWQC). In the regressions, y 5 the metric value; x1 (dummy variable) 5 1 if at least one of the four metals
exceeds its chronic AWQC (open circles), or x1 5 0 otherwise (solid circles); and x2 5 S (ratios of the dissolved concentrations of Cd, Cu, Pb,
and Zn to their chronic AWQC). An * 5 coefficient significantly different from zero at p , 0.05. The solid lines are the predicted regression
lines for each segment. EPT 5 Ephemeroptera, Plecoptera, and Trichoptera.


a potential impact if one or more of the concentrations of these
four metals in surface water exceeded their hardness-adjusted
criteria or in sediments exceeded their TEL. Therefore, the
affected group includes a continuum of sites from those in
which one metal minimally exceeds its criterion to those in
which all four metals greatly exceed their criteria. Moreover,
the criteria may not necessarily represent actual threshold con-
centrations for adverse effects at the community level. For
surface water, the slope of the regression of the metrics on the
summed ratios of the dissolved concentrations of the four met-
als to their chronic AWQCs was positive or not significantly
different from zero when the metal concentrations were all less
than the AWQCs (Fig. 4). When one or more of the metals
exceeded its AWQC, the regressions for the summed ratios
were negative and significantly different from zero. This sug-
gests that the chronic criteria for water approximate threshold
levels for adverse effects for macroinvertebrate assemblages
in these streams. Conversely, for sediments, the slope of the
regression of the metrics on the summed ratios of the sediment
concentrations of the four metals to their TELs was negative
and significantly different from zero when the metal concen-
trations were all less than the TELs (Fig. 5). When one or
more of the metals exceeded its TEL, the slope was less neg-
ative, but this change in slope was significant only for EPT


taxa richness. This suggests that the TELs do not approximate
threshold levels for adverse effects for macroinvertebrate as-
semblages in these streams, because taxa richness decreased
with increasing metals although sediment concentrations of
the four metals were less than the TELs.


Besides assessing measurement endpoints at different levels
of biological organization, criteria, bioassays, and community
metrics differ in their specificity to different stressor gradients
[34]. Ambient criteria are very specific to whatever contam-
inants are being measured and assessed and ignore any un-
measured contaminants or stressors that lack criteria. Ambient
bioassays detect toxicity associated with any bioavailable con-
taminant in the tested surface water or sediments but do not
assess other characteristics of the stream. Community metrics
generally are not designed to be stressor specific. Therefore,
while community metrics may be sensitive to specific stressors
[27], they also will be sensitive to other concurrent alterations
of the stream that affect the structure of the biotic assemblages,
including alterations of physical habitat that are not addressed
by chemical criteria.


We used a simple approach in classifying the sites into the
unaffected and affected groups. This was done, recognizing
that only recently have models been constructed to extrapolate
accurately between the individual and population effects [6]
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Fig. 5. Piecewise regressions of taxa richness metrics on the summed ratios of the sediment concentrations of Cd, Cu, Pb, and Zn to their
threshold-effects levels (TELs). In the regressions, y 5 the metric value; x1 (dummy variable) 5 1 if at least one of the four metals exceed its
TEL (open circles), or x1 5 0 otherwise (solid circles); and x2 5 S (ratios of the sediment concentrations of Cd, Cu, Pb, and Zn to their TELs).
An * 5 coefficient significantly different from zero at p , 0.05. The solid lines are the predicted regression lines for each segment. EPT 5
Ephemeroptera, Plecoptera, and Trichoptera.


and we still cannot model or extrapolate accurately between
population and community effects because of the difficulties
of incorporating variation in exposure and response across the
hierarchical levels of time, space, and organization [35,36].
Considering this simple classification, one might expect few,
if any, of the metrics would have exhibited differences in their
means between the two groups. However, a number of metrics,
particularly richness metrics, exhibited differences between the
groups, although the conclusions based on the individual-ef-
fects measures and on community metrics disagreed at a num-
ber of sites. This would suggest that a relationship exists be-
tween the individual-level effects assessed by criteria or am-
bient bioassays and the community-level effects assessed by
community metrics and that the individual-level effects are
predictive to some extent of effects at the community level.
However, we need to assess the generality of these relation-
ships for other contaminants besides metals.


CONCLUSION


At least for metals contamination in streams from mining,
this study shows a relationship between effects at the individ-
ual and population level as identified by criteria for surface
water or sediments or by ambient bioassays of surface water
or sediments and effects at the community level as assessed
with community metrics for macroinvertebrates or fish. Al-
though effects at the individual level observed in bioassays


can be linked conceptually to the effects measured by com-
munity metrics at the community level, these relationships are
not necessarily simple. Beyond the differences in levels of
biological organization represented by the measurement end-
points of these methods, differences exist in the methods’ spec-
ificity to the stressors being assessed. The criteria are specific
to Cd, Cu, Pb, and Zn, the contaminants of interest in these
streams of the Southern Rockies Ecoregion. Ambient bioassays
are less specific to the metals, because they will detect effects
of any toxicants present in either surface water or sediments.
Community metrics are the least specific of the three methods.
Although metrics may be selected that are sensitive to a spe-
cific stressor, such as metals contamination, those metrics will
not be sensitive only to that stressor and will respond to other
stressors, such as alterations in physical habitat. Other metrics
will be insensitive to the specific stressors of interest. In a
diagnostic framework [37], metrics may be selected that are
sensitive to a range of the possible stressors and suggest the
likely stressors at individual sites. Then, ambient bioassays
might be used to verify whether the likely stressors are con-
taminants of water or sediments, while chemical analyses
would identify contaminants that are at toxic concentrations.
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